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Abstract
Purpose of the Review Chronic total occlusions (CTOs) are
found in about a third of patients with coronary artery disease
(CAD) and can pose a significant challenge during percutane-
ous revascularization. However, advances in CTO percutane-
ous coronary intervention (PCI) strategies, devices, and algo-
rithms have led to significant improvements in successful
treatment of CTOs. This review summarizes current manage-
ment of CTOs in the context of modern PCI techniques and
current evidence.
Recent Findings The hybrid algorithm now provides a stan-
dardized, teachable approach to CTO PCI, and success rates
are approximately 90% in experienced hands. The first ran-
domized controlled trial in patients with CTOs recently report-
ed that patients with ST elevation myocardial infarction
(STEMI) and a CTO in the non-culprit vessel showed an im-
provement in ejection fraction in patients undergoing CTO
PCI of the LAD, but not other vessels. Updated data from
the SYNTAX trial showed a benefit with complete revascu-
larization in patients with coronary artery disease (CAD).
Incomplete revascularization of CTOs in the PCI group may
explain some of the benefit seen with CABG over PCI in
patients with complex coronary disease. Contemporary CTO
registries have reported success rates of approximately 90%,
and the OPEN-CTO registry updates our understanding of
CTO PCI complication rates and outcomes.

Summary The available evidence highlights the potential ben-
efits of CTO PCI in patients with an indication for revascular-
ization. Technological advancements have paved the way for
success rates approaching 90% at high-volume centers, but
further studies evaluating outcomes following CTO PCI are
needed, with several currently underway.

Keywords CTO (chronic total occlusion) . CAD (coronary
artery disease) . Complete revascularization

Introduction

Chronic total occlusions (CTOs) have posed the greatest chal-
lenge to percutaneous revascularization in patients with coro-
nary artery disease (CAD). CTOs are defined as arteries with
atherosclerotic luminal narrowing resulting in TIMI grade 0
flow for over 3 months based on angiographic findings or
duration of patient symptoms and clinical presentation [1•].
These lesions are prevalent in approximately a third of patients
with CAD [2•, 3•] and up to 10% of patients presenting with
STelevationmyocardial infarction (STEMI) [4•]. Despite this,
percutaneous coronary intervention (PCI) of CTO lesions
comprises only 3.8% of attempted elective PCI cases in the
National Cardiovascular Disease Registry (NCDR) CathPCI
registry [5]. The presence of a CTO on coronary angiography
affects therapeutic strategies, resulting in more frequent refer-
ral for coronary artery bypass grafting (CABG) or medical
therapy compared to stenotic, non-occluded vessels [6]. This
reflects the technical challenge of CTO PCI, with concerns of
lower success rates and increased intra-procedural risk.

Over the last decade, vast strides in technologic advance-
ments, dedicated research, organized algorithms, and the train-
ing of new operators in the field have led to exponential
growth in the adoption and success of CTO PCI. The

This article is part of the Topical Collection on Coronary Heart Disease

* Kathleen Kearney
KaKearney@cardiology.washington.edu

1 Division of Cardiology, University ofWashington, Seattle,WA,USA
2 Division of Cardiology, Swedish Medical Center, Seattle, WA, USA

Curr Atheroscler Rep (2017) 19: 19
DOI 10.1007/s11883-017-0655-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s11883-017-0655-0&domain=pdf


complexity of these lesions requires a specialized clinical ap-
proach and skill set. Here, we present an overview of the
management of CTOs and discuss relevant updates to the
literature.

Development of PCI for Coronary CTOs

The history of coronary CTO PCI provides an insight into
current strategies and unmet challenges. Coronary angioplasty
was reported in a series of CTO cases in 1985 by Kereiakes
et al. [7], but much of the early progress of percutaneous
intervention of chronic occlusions began in peripheral arterial
disease. Subintimal angioplasty was first described in 1989 for
chronic femoral-popliteal occlusions [8], but the practice was
slow to expand out of concerns that it was too technically
demanding and inferior to venous bypass grafting [9]. The
morbidity and mortality associated with femoral bypass sur-
gery prompted comparisons with contemporary endovascular
interventions in PAD in the BASIL trial [10]. This randomized
trial showed that short-term limb salvage outcomes were sim-
ilar between surgery and endovascular intervention groups.
With interval growth in CTO techniques, updated safety and
outcome data became available [11], with endovascular-first
strategy now gaining traction for the treatment of PAD [12,
13].

Percutaneous revascularization of coronary CTOs was
pioneered in Japan and other parts of East Asia, where strong
cultural preferences for PCI over CABG led to lower rates of
CABG and created an environment for the development of
devices and strategies to treat CTOs. At that time, an
antegrade wire approachwith serial escalation in wire stiffness
was the primary strategy. This was augmented by the parallel
wire [14] and intravascular ultrasound (IVUS)-guided [15]
techniques to assist with intra-plaque crossing of wires into
the distal true lumen. Technologic advancements in wire and
microcatheter design facilitated novel approaches to this strat-
egy [16], but success rates plateaued at approximately 60%
[17–21].

Subsequently, retrograde wire crossing was performed in
1990 via saphenous vein grafts [22], followed by the use of
septal collaterals a few years later [23]. Crossing the lesion via
the distal cap has advantages, as it is often better defined and
softer than an ambiguous proximal cap [24]. Practical and
technical innovation in retrograde PCI led to further improve-
ments in success rates to approximately 85% in Japan [25].
These tools and strategies then propagated worldwide through
live case demonstrations and presentations [26]. Success rates
with retrograde techniques vary considerably and impact
overall CTO PCI success rates, affected by characteristics of
collateral channels, operator experience, and volume [27].

Borrowing from techniques used in peripheral arterial oc-
clusion, the subintimal tracking and re-entry (STAR) tech-
nique was adopted in coronary CTOs in 2005. This approach

uses a knuckled wire to track around the CTO in the
subintimal space before reentering the true lumen distally.
Technical success rates rose above 90%, but long dissection
planes with loss of side branches primarily limited use to RCA
lesions. Long-term patency rates were unfortunately low due
to poor distal flow, with approximately 50% of patients requir-
ing repeat intervention due to significant restenosis [28].

While STAR primarily exists as a last resort when
antegrade wire crossing fails and collaterals do not support a
retrograde approach, this sparked an interest in utilizing the
subintimal space and refining control over the extent of the
dissection plane and point of reentry into the true lumen.
Multiple variations developed to attempt to limit the morbidity
of the antegrade dissection and reentry (ADR) strategy, but
were difficult to reproduce and complicated by high rates of
perforation and restenosis [29]. With the advent of the blunt-
tipped CrossBoss catheter (Boston Scientific) to minimize tis-
sue trauma during dissection and the Stingray balloon (Boston
Scientific) to control lumen reentry, ADR became predictable
and reproducible [30].

These strategies were organized through the development
of the “hybrid algorithm” in 2012 [31] (Fig. 1) Use of this
systematic approach led to improvement in procedural success
rates to approximately 90% [32].

The CTO Patient Population

Compared to patients undergoing non-CTO PCI, CTO pa-
tients are generally older with more comorbidities and im-
paired left ventricular (LV) function [4•, 5, 6, 33], placing
them at increased risk for adverse events. CTO lesions also
have a higher prevalence of 54% in patients with prior coro-
nary artery bypass graft (CABG) surgery [4•]. This is an im-
portant and vulnerable subset of the CTO population with a
high prevalence in part because the presence of a CTO is the
highest predictor of referral for CABG [6]. Additionally, prox-
imal atherosclerotic plaque appears to progress following by-
pass grafting due to decreased flow in the native coronary
artery, and this may accelerate the process to complete occlu-
sion [34].

Saphenous vein graft (SVG) occlusion is observed in at
least 40% of vein grafts at 10 years [35, 36], and repeat
CABG surgery is less desirable in this inherently high-risk
population, with operative mortality reported at 3–10%
[37–39]. Adverse outcomes of repeat CABG are high [40];
so, SVG PCI in diseased but non-occluded SVGs is pursued.
However, this carries a risk of distal embolization, low long-
term patency rates, and increased mortality as compared to
non-SVG PCI [41] and is contraindicated in chronically oc-
cluded SVGs (class III recommendation) [42].

Analysis from the NCDR showed that 62.5% of post-
CABG patients undergoing PCI received native vessel PCI.
However, only 5% were CTO PCI [43], suggesting that many
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patients found to have CTOs post-CABG did not undergo PCI
and may have been treated medically. In the contemporary
Outcomes, Patient Health Status, and Efficiency in Chronic
Total Occlusion (OPEN CTO) registry, 37% of patients un-
dergoing CTO PCI had undergone prior CABG (unpublished
data from the OPENCTO registry, NCT02026466). Given the
poor outcomes of repeat CABG, native vessel CTO PCI is
often the best treatment option for post-CABG patients with
CTOs and an indication for revascularization.

Pre-Procedural Evaluation

Patient evaluation remains the most challenging and important
aspect of managing patients with CAD. It begins with initial
symptom assessment followed by appropriate stress testing
and coronary angiography. An adequate trial of medical ther-
apy, noninvasive risk stratification, and assessment of anatom-
ical and patient factors are of particular importance in the CTO
population prior to choosing surgical or percutaneous revas-
cularization options.

Despite an emphasis on symptoms for indications of PCI, a
patient’s angina burden is often underestimated [44]. A quan-
titative tool such as the Seattle Angina Questionnaire [45] may
help to assess patients before and after revascularization.
Patients with CTO lesions may demonstrate a high frequency
of atypical angina and dyspnea [46], and a careful history is
needed to sort out the contribution of heart failure or other
comorbidities. Given higher rates of restenosis and lesion
complexity with CTO PCI, any concern over medication ad-
herence or contraindications to dual anti-platelet therapy must
be evaluated prior to referral.

Myocardial viability is often considered prior to CTO PCI
in patients with multivessel disease and LV dysfunction, with
multiple studies linking viability to improvement in regional
function following PCI [47–50]. While its use is controversial
in the face of two negative trials [51, 52], criticisms regarding
significant crossover and lack of adherence to viability results

highlight the complexity of this issue. While the jury is still
out on whether myocardium without evidence of viability will
improve after CTO PCI, we believe that it is beneficial to
demonstrate viability in segments subtended by CTOs given
the increased adverse event rates and complexity of the
procedure.

Ad hoc CTO PCI is strongly discouraged [53] as extensive
pre-procedural planning is needed and deferring PCI is usually
safe [54]. This allows time for a heart team (HT) approach
[55], where multidisciplinary services give patients the best
chance of a successful outcome [56, 57], irrespective of
whether surgical, percutaneous, or hybrid (left internal mam-
mary artery bypass surgery to the LAD and PCI of other
vessels) revascularization strategies are pursued. Other pre-
procedure considerations include determining a vascular ac-
cess plan, interventional strategy, and placing limits on case
duration, radiation, and contrast dose.

Appropriate Use Criteria for CTO PCI

The 2012 appropriate use criteria (AUC) update [58] classifies
CTO PCI as inappropriate when there is concomitant left main
disease, and uncertain with 3 vessel CAD, where CABG is the
preferred revascularization strategy. In our practice, most pa-
tients referred for CTO PCI have persistent CCS class III–IV
angina despite two or more antianginal medications. For pa-
tients with a single vessel CTO, this would classify as “uncer-
tain” by the AUC, but intermediate or high-risk findings on
stress testing would upgrade the indication to “appropriate.”

Asymptomatic patients are classified as “inappropriate” in
many scenarios, but may be appropriate in the setting of high-
risk findings on noninvasive testing, including severe LV dys-
function. The ACCF/AHA/SCAI and ESC PCI guidelines
provide a class IIa recommendation for CTO PCI for patients
with these indications [42, 59]. Given these recommendations,
we advise caution in pursuing CTO PCI in asymptomatic

Fig. 1 The “hybrid” CTO
algorithm provides a structured
approach to CTO PCI. Reprinted
from JACC Cardiovascular
Interventions [31] with
permission from Elsevier,
copyright 2012American College
of Cardiology Foundation
(license 3982640452149)
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patients, with careful review of indications and an individual-
ized assessment.

Commonly Presented Arguments Against CTO PCI

1. Robust Collaterals Indicate that the Myocardium in the
CTO vessel’s Distribution Is Not Ischemic Werner et al.
evaluated the coronary flow reserve across the CTO lesion
in 107 patients without prior MI and found an inadequate
increase in coronary flow reserve in 93% of patients, suggest-
ing that the myocardium subtended by the CTO was ischemic
despite adequate collateral flow at rest [60].

2. Opening an Occluded Vessel Does Not Improve
Outcomes The Occluded Artery Trial (OAT) [61] evaluated
PCI in occluded culprit arteries 3 to 28 days after an acute MI.
No benefit was found with PCI compared to optimal medical
therapy at 4-year follow-up. These lesions were, by definition,
not CTOs and the subtended myocardium may not have been
viable, limiting the application of these results to patients with
CTOs.

The COURAGE trial [62] failed to show a difference in
death or MI in patients with CAD that had stable angina and
myocardial ischemia randomized to an initial strategy of PCI
versus medical therapy. While CTO patients were excluded
from the study, angina was improved in the PCI group. There
was also significant crossover in the medical therapy arm with
32.6% of patients undergoing revascularization with PCI or
CABG at 4.6 years for symptom relief.

While PCI has not led to an improvement in death or MI in
patients with stable CAD, including CTOs, there has been
significant improvement in patient-reported outcomes such
as angina and quality of life with revascularization.
Therefore, as reflected in the AUC [58], patients with refrac-
tory angina despite optimal medical therapy warrant revascu-
larization including CTO PCI to improve symptoms. This
reflects the population undergoing CTO PCI, where over
70% of referrals were for symptom relief (unpublished data,
OPEN-CTO registry).

3. CABG Is Better for CTO Patients Several trials have
compared CABG versus PCI in stable CAD patients. The
SYNTAX trial randomized patients with left main or three
vessel CAD to CABG versus PCI, using first generation,
TAXUS drug-eluting stents [63]. PCI resulted in a higher rate
of adverse events at 12 months, mainly driven by repeat re-
vascularization, and a higher rate of MI-related death at 5-year
follow up [64]. Stratifying for complexity of anatomy using
the SYNTAX score, there was no difference in MACE be-
tween groups in patients with less complex anatomy (with
low and intermediate SYNTAX scores). However, there was
a significant difference noted in patients with high SYNTAX
scores ≥33. Further analyses demonstrated that this may have

been due to a lower proportion of complete revascularization
in the PCI group (43.1%) as compared to the CABG group
(56.4%) [65].

Among those excluded from the trial, 22% were due to a
CTO that the investigators felt could not be successfully
revascularized. Of those included, CTOs were present in
23% of patients, and these were successfully treated by PCI
in 49% compared to 68% by CABG [66]. The presence of a
CTO was identified as the strongest predictor for incomplete
revascularization in those undergoing PCI. Additionally, pa-
tients with a post-PCI SYNTAX score reduced to <8 have
improved outcomes, irrespective of pre-PCI SYNTAX score
[67, 68].

These data suggest that completeness of revascularization
in patients with multivessel CAD is much higher with CABG
compared to PCI, mainly due to the inability to successfully
perform CTO PCI and may have led to the differences in
MACE noted in patients with the highest SYNTAX scores
[64, 66]. In patients that are at high risk for CABG or inoper-
able, PCI may be the preferred alternative when complete
revascularization, including CTO PCI, can be achieved.

Assessment of the CTO Lesion

Coronary angiography dedicated to characterization of the
CTO lesion and visualizing collaterals for retrograde tech-
niques is ideally performed at the time of diagnostic coronary
angiography. A prolonged cine run without panning is imper-
ative to completely visualize the target vessel and collaterals
for pre-procedural planning. In select cases, dedicated CT an-
giography can be used when lesion length is unclear and can
help to characterize calcification and tortuosity [69].

The Japan-CTO (J-CTO) score (Fig. 2) is a widely used
scoring tool to characterize CTO lesions [70]. This point-
based score uses tortuosity within the lesion, calcification,
blunt vs tapered proximal cap, lesion length > 20 mm, and
prior failed attempts to describe complexity. This was validat-
ed for successful guidewire crossing within 30 min but did not
predict ultimate angiographic success [71]. The PROGRESS
CTO Score was derived from a cohort of 781 CTO PCIs to
predict technical success. Absence of interventional collat-
erals, circumflex artery CTO and proximal cap ambiguity
were identified as predictors for unsuccessful PCI using the
hybrid algorithm [32] and were included in the 4 point score
[72]. The PROGRESS investigators found their score slightly
better predicted technical success compared to the J-CTO
score, with a C-statistic of 0.746 versus 0.720. These tools
provide a guide for anticipating procedure time, contrast,
and radiation exposure [71] with reasonable prediction of suc-
cessful PCI [70, 72].

The hybrid algorithm is used for planning CTO PCI strategies
by characterization of the proximal cap, lesion length, and the
distal target vessel [32]. The four strategies include antegrade
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wire escalation (AWE), antegrade dissection and reentry (ADR),
retrograde wire escalation (RWE), and retrograde dissection and
reentry. Review of the angiogram identifies potential options for
successful CTOPCI and rules out options when anatomy renders
an approach impractical, such as lack of interventional collaterals
for a retrograde approach.

Reviewing the CTO PCI strategies with the catheterization
lab technicians and nurses prior to the case ensures organization
once the procedure is underway. While these measures aid in
planning a safe procedure, these cases should always be per-
formedwith additional operators and surgical backup available.

Intraprocedural Considerations

The highest predictor of failure of CTO PCI is lack of dual
angiography [73]. It helps to map the true length of the CTO

lesion, evaluate collaterals, and plan for PCI and stenting of the
distal vessel. Retrograde angiography is also critical for confir-
mation of distal wire position when antegrade techniques are
used. We commonly use an 8F guide via the femoral artery for
the target vessel and a 6F guide via the radial artery for the
retrograde donor vessel, except in the case of post-CABG pa-
tients, where we often use bi-femoral 8F sheathes for additional
guide support. Several tools facilitate equipment delivery, in-
cluding guide extensions, microcatheters, short balloons, and
atherectomy, but details of their use are beyond the scope of this
review.

Operators must be prepared to manage all PCI complica-
tions with perforation being the most common life-threatening
complication in CTO PCI. Comfort with emergent
pericardiocentesis and methods to limit extravasation, includ-
ing coils, beads, emulsified fat, thrombin, or covered stents,

Fig. 2 A guide to calculating the
J-CTO (Multicenter CTO
Registry of Japan) score.
Reprinted from JACC:
Cardiovascular Interventions,
4(2), Morino, Y et al. “Predicting
Successful Guidewire Crossing
Through Chronic Total Occlusion
of Native Coronary Lesions
Within 30 Minutes: The J-
CTO(Multicenter CTO Registry
in Japan) Score as a Difficulty
Grading and Time Assessment
Tool,” pg 213–21, copyright 2011
American College of Cardiology
Foundation, published with
permission from Elsevier
(License 4010400868803)
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must be readily available [24]. Contrary to the common belief
that there is low risk of tamponade in CABG patients, it can
instead present with localized hemopericardium and focal
compression, requiring surgical washout for management in
unstable patients. Comfort with managing vascular access
complications is also imperative, owing to larger sheaths and
aggressive anti-coagulation utilized during CTO PCI.

Outcomes of CTO PCI

The CTO population is an inherently difficult population to
study, given heterogenous anatomy, overlap with complex
coronary disease, and variable clinical presentations. No ran-
domized trials have evaluated the clinical outcomes after CTO
PCI, but recent interest has prompted multiple important ob-
servational and registry studies that shed light on potential
benefits.

In the NCDR CathPCI database, success rate of CTO PCI
was only 59% compared to 96% in non-CTO PCI, with twice
the incidence of major adverse cardiac events (MACE) at 1.6
versus 0.8% [5]. Interestingly, procedural success of CTO PCI
improved over the study period from 2009 to 2013 and was
significantly higher for operators performing >10 procedures
at 75 versus 53% for operators performing fewer than 5 annu-
ally. Complication rates were also lower than those in CTO
PCI registries. The Canadian multicenter registry reported a
procedural success rate of 70% in CTO PCI [4•] while the
RECHARGE registry reported an overall success rate of
74% using the hybrid algorithm [74]. Success of retrograde
CTO PCI is more dependent on operator experience [75] and
is expected to improve as adoption of retrograde techniques
continues to expand [76].

Procedural MACE in CTO PCI with experienced providers
was previously reported at 1.8% [32]. Coronary perforation
and MI were the most common adverse events in a meta-
analysis of over 18,000 patients undergoing CTO PCI [77].
Coronary perforations leading to tamponade, emergency
CABG, and death were reported at <1% each [5, 77] with
tamponade occurring more frequently in retrograde cases
[76, 77]. However, in the recent OPEN-CTO registry of ex-
perienced CTO operators, the adverse event rate was 7%,
including 4% periprocedural MI and death [78].

Long-term MACE at 1 year was evaluated in an Italian
registry and found to be 2.6% driven by target lesion revascu-
larization [79]. A Korean cohort of elective CTO PCI patients
showed a rate of cardiac death of 5% and repeat revasculari-
zation of 8.6% in successful cases at a median of 4.6 years of
follow-up [80]. Successful CTO PCI has also been associated
with a reduction in symptoms [81–84], sustained improve-
ment in quality of life [80], improved left ventricular function
[49], reduced need for subsequent CABG [85], and improved
survival [21, 86].

Recent Updates and Future Directions

1. The short duration of follow-up, lack of adjudicated and
patient reported outcomes in the observational studies
mentioned above led to the development of the OPEN
CTO registry. This is an adjudicated, prospective cohort
of over 1000 consecutive CTO patients that underwent
PCI at 14 high-volume centers in the USA with 30-day,
6-month, and 1-year patient follow-up (NCT02026466).
Success rates have been reported at 89% with 7.2%
MACE, including 1.4% in-hospital death [78]. This reg-
istry which includes post-CABG and inoperable patients
will continue to provide real-world data regarding out-
comes of CTO PCI.

2. The EXPLORE-CTO trial randomized 300 patients pre-
senting with STEMI and found to have a CTO in a non-
culprit vessel to CTO PCI within 7 days versus no CTO
PCI. The primary outcome was improvement in LVEF, of
which no difference was observed between groups at 4-
month follow-up. However, subgroup analyses showed a
significant increase in LVEF (40.4 to 47.2%; p = 0.02)
when the non-culprit CTO lesion was in the LAD [87].

3. The STITCH trial [88] randomized patients with
multivessel CAD and severe LV dysfunction (EF
<35%) to revascularization with CABG versus medical
therapy. It failed to show a difference in adverse events at
5 years. Recently, 10-year results were published and
showed an improvement in all-cause mortality in the
CABG group (58.9 vs 66.1%, p = 0.02) [89]. While this
trial did not evaluate CTO PCI, it suggests that patients
with ischemic cardiomyopathy benefit from complete re-
vascularization. In patients that are inoperable due to co-
morbidities, complete revascularization with PCI includ-
ing CTO PCI may also offer benefit, but needs further
study.

4. The Euro CTO (NCT01760083) and Korean-based
Decision CTO (NCT01078051) trials are underway and
randomizing patients with CTOs and chronic stable angi-
na to PCI versus medical therapy. Their primary out-
comes are MACE and quality of life at 3 to 5 years (un-
published trials, clinicaltrials.gov.)

Conclusion

Interventional cardiology has experienced a recent renais-
sance in PCI with renewed interest in revascularization of
complex anatomy and high-risk patients. This has been facil-
itated by the advent of additional tools for hemodynamic sup-
port, formation of patient-centered multidisciplinary Heart
Teams, and the development of organized strategies and algo-
rithms to tackle challenging lesions such as CTOs. Courses
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and fellowships to acquire the necessary skills for CTO PCI
are available and foster relationships between CTO operators
across institutions. As CTO PCI becomes more available, it is
imperative that the culture of scientific investigation and col-
laboration continue to push the field forward to minimize var-
iation and ensure that all patients receive appropriate and nec-
essary therapies.
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